INTRODUCTION
RNA plays a major role in the transcription and translation of genetic material into proteins+ Additionally, RNA has been shown to have a variety of enzymatic activities in both natural (Zaug & Cech, 1986 ) and artificial (Herschlag & Cech, 1990) environments+ To fully understand RNA and its function, it is necessary to know its structure+ The three-dimensional structure of several RNA molecules or parts of molecules have recently been determined by X-ray diffraction (Pley et al+, 1994; Scott et al+, 1995; Cate et al+, 1996; Ferré D'Amaré et al+, 1998; Golden et al+, 1998) or NMR (Kieft & Tinoco, 1997; Kolk et al+, 1998 )+ Although some general rules concerning RNA folding are beginning to emerge (Westhof & Michel, 1999) , much remains to be learned+ Because of the complexity of RNA tertiary structure, emphasis has been placed on understanding its secondary structure+ There have been continuing attempts towards improving models, which would predict the secondary structure of an RNA from its sequence (Uhlenbeck, 1990 )+ Current methods for secondary structure analysis include phylogenetic comparisons (Gutell et al+, 1993; Woese & Pace, 1993) and chemical and enzymatic probes (Ehresmann et al+, 1987; Parker, 1989) + A model that predicts secondary structure stability according to thermodynamic properties has been useful when used in conjunction with the above methods (Xia et al+, 1998)+ Hairpins are a common structural motif in RNA+ More than 70% of the nucleotides of Escherichia coli ribosomal RNA are found in hairpin structures (Gutell et al+, 1993; Gutell, 1994 )+ Hairpins play major roles in tertiary interactions (Jaeger et al+, 1994; Murphy & Cech, 1994) , protein recognition (Endo et al+, 1991; Gluck et al+, 1992; Zweib, 1992) , and the stabilization of sharp directional changes in the RNA backbone (Jucker & Pardi, 1995) + Hairpin loop stability can be predicted using a relatively simple nearest-neighbor model (Serra et al+, 1997; Giese et al+, 1998) + Loop stability was shown to depend upon loop size, the identity of the closing base pair, the interaction of the first mismatch with the closing base pair, and an additional stabilization term for loops with GA or UU first mismatches+ Reevaluation of the thermodynamic parameters for the RNA duplex formation (Xia et al+, 1998) , in particular, the inclusion of a penalty for duplexes ending in AU (GU) base pairs, led to slight changes in the model to predict hairpin loop stability (Mathews et al+, 1999) + The model for predicting the stability of hairpin loop n . 3 in kcal/mol is given by:
(if first mismatch is GA or UU)+ ⌬G8 37iL (n), is the free energy for initiating a loop on n nucleotides and ⌬G8 37mm is the free energy for the stacking interactions of the first mismatch with the closing base pair (Fig+ 1)+ Note: this model no longer includes a penalty for hairpin loops closed by (AU, UA, or UG) base pairs because this penalty (0+45 kcal/mol) is included in the stability of the stem+ The model for hairpin loop stability was developed for hairpin loops under standard optical melting conditions of 1 M NaCl+ In this article, we tested the ability of the model to predict the stability of unusually stable hairpin loops+ The results lead to improvements in the model for predicting hairpin loop stability+
RESULTS
Among the prevalent naturally occurring hairpins are the tetraloops with sequences GNRA or UNCG (Fig+ 1), where N is any nucleotide and R is a purine (Tuerk et al+, 1988; Woese et al+, 1990 )+ It has been shown that these RNA sequences form unusually stable hairpin structures (Tuerk et al+, 1988; Antao et al+, 1991; Antao & Tinoco, 1992; SantaLucia et al+, 1992) + Although the stability of some of the naturally occurring GNRA and UNCG loop sequences have been previously studied, most investigations used low-salt conditions for the melting experiments+ The complete set of RNA tetraloops with sequences GNRA was synthesized and the thermodynamics of hairpin formation measured by optical melting in 1 M NaCl (Fig+ 2)+ Table 1 shows the thermodynamic parameters derived from the optical melting+ Predicted values for the hairpins were calculated as described above+ These values are also given in Table 1+ For hairpins with the sequence GNRA, the model predicted the values for the change in free energy within 0+2 kcal/mol of the experimental values+ Additionally, the melting temperature (T M ) was predicted within 4 8C+
The complete set of RNA tetraloops with sequences UNCG was synthesized and the thermodynamics of hairpin formation measured by optical melting in 1 M NaCl (Fig+ 2)+ Three of the UNCG hairpins melted as hairpins+ The fourth, UGCG, formed a duplex as indicated by the concentration dependence on melting temperature+ Table 1 shows the thermodynamic parameters derived from the optical melting+ The UNCG hairpin loop values were predicted by considering the UG to be an extra stable first mismatch for a tetraloop (see Discussion)+ For the UNCG hairpins that melted as hairpins, the predicted values for free energy and melting temperature were predicted within 0+7 kcal/mol and 3 8C, respectively+
The stability of hairpin loops depends on the stacking interactions of the first mismatch, ⌬G8 37mm , on the closing base pair+ The ⌬G8 37mm is derived from measurement of model duplexes with terminal mismatches+ UU terminal mismatches on wobble base pairs have not been previously measured+ To determine the ⌬G8 37mm for wobble base pairs with UU mismatches, a set of duplexes, listed in Table 2A , was prepared and the thermodynamics of duplex formation was measured by optical melting+ The thermodynamic parameters de-FIGURE 1. Unusually stable hairpin loops+ GNRA tetraloop hairpin illustrates the closing base pair and first mismatch+ N ϭ any nucleotide, R ϭ purine+ FIGURE 2. Normalized melting curves+ Sequences are GGCGGAA GCC: ▫ ; GGCGUCGGCC: ᭝ ; GGCUUAAUUGCC: ᭞; GGCGUAAUG GCC, छ+ Each curve is offset by 0+1 for clarity+ Buffer is 1 M NaCl, 10 mM sodium cacodylate, and 0+5 mM EDTA, pH 7+0+ rived from these melts are also presented in Table 2A+ The thermodynamic parameters for terminal UU mismatches on wobble base pairs can be calculated as previously described (Giese et al+, 1998 )+ The results of this analysis are listed in Table 2B+ These values can then be used to predict the stability of hairpin loops with UU first mismatches and wobble closing base pairs+ A third set of hairpin loops previously found to exhibit unusually stable thermodynamic properties has UU first mismatch+ The sequences GGX(UUAAUU)YCC are one such set of hairpins (Fig+ 1)+ Their loop sequence is similar to the highly conserved hairpin at position 1090 of the small ribosomal RNA (Gutell, 1994 )+ In nature, this hairpin loop is closed almost exclusively by CG (GC) base pairs+ The complete set of sequences (XY ϭ Watson-Crick and wobble base pairs) was studied to determine if the naturally occurring closing base pair is necessary to produce its unusual stability (Fig+ 2)+ For comparison, a second hairpin loop of six, with GG as the first mismatch sequence, was also studied (Fig+ 2)+ This GG first mismatch loop is found at position 2332 of the large subunit RNA+ Interestingly, this loop is usually closed by a wobble UG base pair in nature (Gutell et al+, 1993 )+ The experimental and predicted values for these two sets of hairpins are listed in Table 3+ The model provides very good agreement with the measured free energy for all of the hairpins (within 0+6 kcal/ mol) except for hairpins closed by wobble base pairs (see Discussion)+ Finally, the hairpin loop of the iron responsive element (IRE), CAGUGC (Fig+ 1), has been shown to be significantly more stable than predicted (Laing & Hall, 1996) + This additional stability has been attributed to a cross-loop hydrogen bond between C1 and G5+ However, the stem sequence in the Laing and Hall study was longer and more AU rich than the stems used to develop the hairpin prediction model+ We have confirmed the stability of the IRE loop on its native stem sequence (data not shown)+ We were then interested in determining the stability of the IRE loop on the simpler GC-rich stem sequences used in our previous studies+ The final set of hairpins investigated has the IRE loop sequence and modifications on a shorter GC-rich stem+ Table 4A lists the thermodynamic parameters for the IRE hairpin loop with the stem GGA/CCU+ Although the difference between measured and predicted values is less for the shorter stem, the IRE loop is still 0+8 kcal/ mol more stable than predicted+ In the IRE hairpin structure, the 39 loop C residue is bulged out to allow for the formation of the cross-loop CG pair (Laing & Hall, 1996) + We replaced the C residue with an A, which is more likely to stack on the 39 end of the stem duplex so that the cross-loop CG interaction would be interrupted+ This hairpin was .1 kcal/mol more stable than predicted+ Several additional loop substitutions were investigated in the context of the simple 3-nt stem, but each melted as a duplex with concentration-dependent melting temperature+ These sequences and their thermodynamic parameters are listed in Table 4B+ These oligomers were also melted in 0+1 M NaCl to favor hairpin formation, but in all cases they melted in a concentrationdependent manner (data not shown)+ 
a Measurements were made in 1+0 M NaCl, 10 mM sodium cacodylate, and 0+5 mM Na 2 EDTA, pH 7+ Errors in _H8, _S8, and _G8 are standard deviations+ b Loop sequences are underlined+ c ⌬G8 37 was calculated from _H8 and _S8 before rounding off+ d ⌬G8 L37 ϭ _G8 37 (hairpin formation) Ϫ _G8 37 (predicted stem)+ e ⌬G8 L37 predicted as described in text+
DISCUSSION
Our model to predict RNA hairpin stability considers the size of the loop and the identity of the closing base pair and first mismatch (Giese et al+, 1998 )+ In addition, GA and UU first mismatches are given additional stabilization+ The model used to predict RNA secondary structure stability is based upon measurements in 1 M NaCl+ Most of the previous studies on unusually stable RNA tetraloop hairpins (Tuerk et al+, 1988; Antao et al+, 1991; SantaLucia et al+, 1992) were conducted under lower ionic strength conditions; therefore, we reinvestigated the stability of the entire set of tetraloop hairpins under standard (1 M NaCl) melting conditions+ The eight GNRA tetraloop hairpins all melted with the same stability, within experimental error (Table 1 )+ The similarity in stability of the hairpin loops is not unexpected, as structural studies (Heus & Pardi, 1991) of the GNRA tetraloop have shown that the N position base does not make contacts with the rest of the loop+ Similarly, either R residue, G or A, can form a N7 interaction with the first G residue of the loop+ The predicted values for GNRA hairpins are in good agreement with the measured values for both free energy of formation and melting temperature+
In the case of the UNCG hairpins, three of the four sequences melted as hairpins (Table 1 )+ For the three sequences that melted as hairpins, two loops, UCCG and UUCG, have similar free energies of formation; the third, UACG, is 0+8 kcal/mol less stable+ This difference is nearly identical to that reported by Antao and Tinoco (1992) for the UUCG and UACG loops on different stem sequences+ The sequence that melted as a duplex was also not observed in a collection of stable tetraloop hairpin sequences selected for their unusually high melting temperatures (P+ Bevilacqua, pers+ comm+)+ The UNCG hairpin stability has not been previously predicted using our model (Serra et al+, 1997; Giese et al+, 1998) + If the UG wobble base pair is considered to be the closing base pair, then the NC bases represents a loop of two+ Hairpin loops have previously been restricted to 3 or more nt (Turner et al+, 1988 )+ Therefore, we now model the UNCG loop as a loop of four and included a bonus of 0+8 kcal/mol for the UG first mismatch, similar to GA and UU first mismatches+ Using this model, the measured and predicted values show good agreement when a pyrimidine residue is in the second position, with the greatest difference in free energy being 0+2 kcal/mol+
The additional stabilization (0+8 kcal/mol) modeled for hairpin loops with UU first mismatches is based upon the stability of three hairpins+ Two of these hairpins were closed by GC or CG base pairs and displayed increased thermal stability (Serra et al+, 1994) ; the third hairpin was closed with a wobble base pair GU and was markedly less stable than predicted (Giese 
a Thermodynamic parameters are calculated as described previously (Giese et al+, 1998)+ et al+, 1998)+ Therefore, to more fully characterize the influence of UU first mismatches on the stability of hairpin loops, the complete set of hairpin loops with sequence UUAAUU and all six possible base closures was investigated (Table 3 )+ The additional stabilization term was necessary to predict the stability of hairpin loops closed by Watson-Crick base pairs; however to accurately predicted the stability of hairpins with wobble base closures, the additional stabilization term must be excluded (see below)+ With this exception, all hairpin loops with UU first mismatches are predicted very well, with free energy difference within 0+3 kcal/mol+ Two hairpins with GG first mismatches have previously been investigated+ These hairpins, with CG and UG closing base pairs, were predicted well by the model (Serra et al+, 1994; Giese et al+, 1998 )+ The complete set of hairpins with GG first mismatches and all possible Watson-Crick and wobble closing base pairs were investigated (Table 4 )+ The thermodynamic stability of these hairpins is predicted well by the model with the exception of the hairpin with GU base closure, where the difference in free energy between predicted and measured values is 0+9 kcal/mol+ All of the GG first mismatch hairpins with the purine of the closing base pair to the 59 side of the loop (GC, AU, and GU) are more stable than predicted by an average of 0+7 kcal/ mol+ In large subunit rRNA, this hairpin (position 2332) is always closed with the pyrimidine of the closing base pair to the 59 side of the loop+ The preference for the pyrimidine of the closing base pair to be to the 59 side of the loop may be related to the tertiary interactions made by the loop nucleotides with position 2385 of the large subunit rRNA (Gutell et al+, 1993)+ Laing and Hall (1996) have reported that the IRE hairpin loop is much more stable than predicted+ In their study, the stem of the IRE loop was 5 bp long and AU rich+ In our previous studies, the stems have been predominantly 3 nt long and GC rich+ To investigate the influence of the stem on hairpin loop stability, the IRE loop was added to a simpler 3-nt stem to facilitate comparisons with our previous work (Table 4A )+ The IRE loop stability changes dramatically (.1+8 kcal/mol) when the stem sequence is changed+ Although the difference between the predicted and experimental values is smaller, the loop is still 0+8 kcal/mol more stable than predicted+ We have not previously seen any example 
a Measurements were made in 1+0 M NaCl, 10 mM sodium cacodylate, and 0+5 mM Na 2 EDTA, pH 7+ Errors in ⌬H8, ⌬S8, and ⌬G8 are standard deviations+ ⌬G8 37 was calculated from ⌬H8 and ⌬S8 before rounding off+ b ⌬G8 L37(measured) ϭ ⌬G8 37 (hairpin formation) Ϫ ⌬G8 37 (predicted stem)+ c ⌬G8 L37 predicted as described in text+ d Serra et al+, 1994+ e Giese et al+, 1998+ where the stem has a significant effect on the stability of a hairpin loop (Serra et al+, 1993 )+ However, Grobe and Uhlenbeck (1989) , have shown that single bulge loops cause a sequence-dependent destabilization of hairpin formation+ Whether this represents a specific effect of the AU-rich stem on hairpin stability needs to be further investigated+ In the structure of the IRE loop, the last C residue of the loop is flipped out to allow the first C of the loop to hydrogen bond to the G at position 5 (Laing & Hall 1996) + If the last C residue is replaced by an A, it is expected that the A will stack upon the stem (Jaeger & Tinoco, 1993 ) and disrupt the crossloop CG interaction+ Therefore, we replaced the C with an A to observe the effect on the stability of the hairpin loop+ Surprisingly, this hairpin is slightly more stable that the parent IRE loop, although this difference can be accounted for by the greater stacking energy of the A versus C residue+ We attempted several other loop variations, but in each case, the oligomers melted as duplexes (Table 4B) + Additional studies will be necessary to develop an understanding of the stability of the IRE hairpin loop+ The results of this study and the reevaluation of RNA nearest-neighbor thermodynamic parameters allow for an improved model to predict RNA hairpin stability+ Two changes in our previous model were necessary to accurately predict unusually stable hairpins+ First, the UNCG hairpins (Table 1) are considered to represent tetraloops, with the UG representing an unusually stable first mismatch+ Second, for the hairpin loops closed by wobble base pairs (Table 3) , the additional stabilization term for the UU first mismatch was not included+ Table 5 summarizes the thermodynamic stability of hairpins closed by wobble base pairs with either GA or UU first mismatches+ Accurate prediction of the hairpins with GA first mismatches requires the inclusion of the extra stabilization (Ϫ0+8 kcal/mol) term+ Prediction of the stability of the hairpins with UU first mismatches is better without the additional stabilization+ Therefore, improved prediction of hairpin loops can be achieved using the following model (in kcal/mol):
(if first mismatch is GA) Ϫ 0+8 (if first mismatch is UU except for hairpins closed by wobble base pairs)+
MATERIALS AND METHODS

RNA synthesis and purification
Oligomers were synthesized on solid support using the phosphoramidite approach+ After ammonia and fluoride deprotection, the crude oligomer was purified by preparative TLC (n-propanol:ammonium hydroxide:water, 55:35:10) and SepPak C18 (Waters) chromatography+ Purities were checked by analytical TLC and were greater than 95%+ 
